Abstract The Bezedna site represents a unique lakemire complex in the Lublin chalkland, eastern Poland. This karst region contains Upper Cretaceous carbonate rocks under the influence of continental climate. Using sedimentologic, palaeobotanical, and fossil ostracode analyses as well as radiocarbon dating on cores, we were able: (1) to reconstruct the morphogenetic mechanisms related to lake formation, (2) to describe the main stages of lake evolution, and (3) to identify the environmental conditions during this evolution. The first stage was the formation of an accumulation basin in a periglacial setting related to permafrost thawing in the last phase of the Weichselian and at the beginning of the Holocene. During the second stage, in the successive phases of the Holocene, lake evolution was determined by climate changes and local conditions, and in the youngest Subatlantic period-also by human activity in several settlement phases. Natural water bodies in a karstic region create unique conditions for water circulation, especially for groundwater. During the change from the periglacial to temperate climate of the Holocene in the Lublin chalkland, the response of substratum (deeply frozen during the Weichselian) was influential in the development of surface water conditions in the study area. The strong fracturing of the Upper Cretaceous bedrock and general change of groundwater circulation associated with the activation of an ascending groundwater supply favored the intensive dissolution of carbonate and the progressive ground subsidence. Based on the reconstruction and correlation with paleoenvironmental investigations of the adjacent Volhynia chalkland, we were able to estimate and compare the influences of local (morphologic and geologic) conditions versus global climate changes on the paleoenvironmental record. Climatedriven lake-level fluctuations coincided over great areas of the Northern Hemisphere and are well reflected in changes of the Ostracoda fauna.
Introduction
The reconstruction of paleoenvironmental conditions based on the multi-proxy studies of lake and mire deposits are critical for understanding the variability of past climate changes. They are also a starting point for understanding modern environmental conditions as well as forecasting future changes. In special cases they also provide essential information about the processes forming lake basins. With karstic regions, such as the European chalklands, groundwater effects greatly influence the origin and morphogenetic evolution of a lake basin, especially during the last 13 ka (Late Glacial and Holocene). The conditions of lake basin formation in areas with Pleistocene or/and modern permafrost occurrence are quite well understood and described (Müller 1959; Mackay 1978 Mackay , 1988 Washburn 1979; Huijzer and Isarin 1997; Gurney 1998; Burn 2002; Wohlfarth et al. 2006; Kokfelt et al. 2010; O'Neill and Burn 2012; Karlsson et al. 2012) . However, few papers deal with the morphogenetic processes resulting in the formation of lake basins in karstic regions affected by underground permafrost without suitable conditions for segregated ice formation (Dobrowolski 2006; Zwoliński et al. 2007) . The main problem is the determination of the morphogenetic effects of thermokarst processes (connected with ground ice degradation) and strictly karst processes (connected with carbonate dissolution).
The Holocene environmental changes in Europe have a rich and varied multi-proxy record in which short-lived climate oscillations are recorded (Heiri et al. 2003; Magny et al. 2003; Kofler et al. 2005; Feurdean et al. 2007; Seppä et al. 2007; Belis et al. 2008) . Their major driving factor was probably changing solar activity (Magny 2004) . The timing and duration of major climatic shifts during the Late Glacial (especially Younger Dryas) and Holocene were similar in different regions of the world (Hoek and Bohncke 2002; Nakagawa et al. 2003) , but minor climatic oscillations reveal the complexity of regional differences in paleoenvironment transformations driven by climatic changes (Björck et al. 1996; Litt and Stebich 1999; Litt et al. 2001; . Many proxy records may not register even a hemispherically strong signal. In local conditions, a threshold that causes change is not crossed, and the response to large-scale climate shifts may therefore often seem diachronous (Koç et al. 1993; Coope and Lemdahl 1995) . Barber et al. (2004) stressed that such differences in ecologic responses point to strong regional and local climatic gradients associated with these events, and they are not considered to a sufficient degree when inferring synchronicity of events among various records. So the determination of the intensity and directions of climatic changes at the supralocal level requires seeking new study sites with very long records of paleoecologic changes with multiple proxies.
The Lublin Chalkland of eastern Poland and western Ukraine is characterized by relief and hydrologic conditions determined by the lithology of the Upper Cretaceous carbonate bedrock. It is distinguished by the occurrence of numerous closed sinkholes, usually small and round, commonly filled by modern lake and/or mire ecosystems (Wilgat 1954; Maruszczak 1966) . Sinkhole origin can be linked to either karstic or thermokarstic processes during the Late Glacial/Holocene transition (Wojtanowicz 1994) . Multi-proxy investigations of biogenic deposits in karstic lake basins can elucidate their origin and the development conditions (Valero-Garces et al. 2014) , including the Lublin chalkland (Harasimiuk et al. 2002; Dobrowolski 2006; Kulesza et al. 2011 Kulesza et al. , 2012 , and the neighboring area to the east, the Volhynia chalklands (Zernitskaya 1997; Dobrowolski 2006; Dobrowolski et al. 2001) .
The aim of this study is to define the lake-mire basin origin for the Bezedna complex of the Lublin chalkland and to reconstruct its main evolution phases in the Late Glacial and Holocene using multiple proxies, including lithologic variation and microfossil distribution, from sediment cores.
Study site
The Bezedna site of eastern Poland (51°06 0 08.6 00 N, 23°30 0 22.4 00 E; area: 44 ha; altitude: 191.0 m a.s.l.) is the southernmost lake-mire complex of the Lublin chalkland ( Fig. 1) , situated on the geographic boundary between the East European Lowlands and NonAlpine Central Europe and located geologically along the edge of the East European craton. The complex includes the lake (6.5 ha in area; 1.5 m in depth; Table 1 ) and surrounding wetland belt (37.5 ha), composed mainly of reed and sedge mires. Its specific feature is the occurrence of a floating vegetation island in the middle of the lake (area 0.5 ha; thickness about 0.5 m). The Upper Cretaceous chalkland or carbonate bedrock is composed of siliceous limestone containing sponge fossils and softer chalk deposits (Fig. 2a) . The bedrock exhibits Cenozoic faults and joints (two systems: NW-SE/NE-SW and N-S/W, Dobrowolski 1995; Fig. 2b ). The carbonate bedrock is covered only by thin (\5 m) patches of Saalian glacio-fluvial sands and glacial tills, which occur to the south of the site (Fig. 2a) . Erosion-denudation relief with numerous closed depressions or sinkholes and small isolated hills are developed in the carbonate substratum in the site surroundings.
Materials and methods

Chronology
Radiocarbon dating was performed on samples of sediments with the highest content of OM. Due to the absence of macrofossils adequate for radiocarbon dating in the investigated cores across the mire-lake complex, bulk sediments were dated. Six samples of lacustrine deposits from core B16 from the middle of Lake Bezedna were dated using the 14 C AMS method. The samples were taken at the following depths: 3. 45, 7.90-7.95, 8.10-8.15, 8.80-8.85, 9.60-9.65, and 9.85-9 .90 m. Dating was carried out in the Gliwice Radiocarbon Laboratory using the accelerator mass spectrometry technique. In this technique the CO 2 obtained from the sample is converted to graphite that forms a target used to produce a beam of ionized carbon atoms, then accelerated to the energy of a few MeV. In the magnetic field, the beam containing different carbon isotopes is split and the intensity of the 14 C beams of the unknown and standard samples are compared to determine the 14 C concentration. Radiocarbon dates were calibrated with OxCal v4.0.5 (Bronk Ramsey 2001) and the IntCal04 atmospheric curve (Reimer et al. 2004 ).
Sedimentology
Lithofacies identification of the organogenic and mineral sediments filling the lake-mire basin (Miall 1978) was performed based on 52 cores distributed regularly at the nodal points of W-E and N-S perpendicular transects across the lake-mire complex (Fig. 3a) . The cores were drilled down to the limestone bedrock. This allowed for correlating the selected profiles for the purpose of detailed laboratory analysis. The core profiles taken in the terrestrial mire area (at 100-m intervals) and in the modern lake area (at 50-m intervals) contained the most complete and representative sedimentary sequence of the complex. All sediment cores with undisturbed structure (collected using a Russian corer) were described using: (1) Fig. 1 a Location of Lake Bezedna and other sites described in the text in the Lublin and Volhynia chalklands of eastern Poland and western Ukraine and b general location of study area in relation to European chalklands' distribution (gray areas) lithologic description following the Schnurrenberger et al. (2003) classification of lacustrine sediments, (2) lithofacies code for sedimentary rocks (Miall 1978) , and (3) Troels-Smith formula for the description of the organogenic deposits (Troels-Smith 1955) . The core denoted as no. 16 (Fig. 3) or B16 (Figs. 4, 5) , 9.95 m long, taken from the central part of the lake, was subjected to palynologic and fossil ostracode analyses as well as radiocarbon dating.
Pollen stratigraphy
Samples for palynologic analysis (1 cm 3 of sediment) were taken at every 5-cm interval in core B16 at the center of modern Lake Bezedna. In total 95 pollen samples were analyzed at intervals every 5-20 cm, Fig. 2 a Geologic sketch map of the study area (after Harasimiuk et al. 2006a, b) with generalized stratigraphy. The karst bedrock is composed of Upper Cretaceous siliceous limestone with sponge fossils and softer chalk deposits. b Tectonic features against a background of the sub-Quaternary topographic relief; black lines depict main mesofaults in the chalk/limestone landscape TDS (lS/cm) 416
Fig. 3
Hypsometric situation of Lake Bezedna with the distribution of drilling points (a); geologic cross-section through the Lake Bezedna sediments in transects (b, c)
Fig. 4
Percentage pollen diagram of core B16 from Lake Bezedna. Grayish color means values magnified ten times depending on changes in sediment composition. The samples were macerated using the standard method of Erdtman's acetolysis, after carbonates were removed by means of 10 percent HCl, and the mineral fraction by means of 40 percent HF (Berglund and RalskaJasiewiczowa 1986) . Pollen spectra were always counted on at least two microscopic slides. The basic sum used for percentage calculations is the sum of tree and shrub pollen (arboreal pollen-AP) and of herb pollen (non-arboreal pollen-NAP), excluding the pollen of aquatic and reed-swamp plants, Pteridophyta and Bryophyta spores, as well as Pediastrum Meyen algae. The results of the palynologic analysis are presented on a pollen diagram (Fig. 4 ) prepared using POLPAL software (Nalepka and Walanus 2003) . Paleolimnol (2015) 53:191-213 197 Ostracodes For the fossil Ostracoda analysis, 140 sediment samples with a volume of 5 cm 3 each were collected from across the no. 16 core from the middle of Lake Bezedna from 10.0 m through 3.0 m depth. Sediment was washed through a 0.25-mm-mesh sieve. The dried residue was analyzed under the microscope. Species assignment was performed based on the shape, size, and the sculpture features of valves and carapaces (Meisch 2000) . The results of the Ostracoda analysis are presented on a diagram plotted using Pangea PanPlot (Diepenbroek et al. 2001) (Fig. 5) .
Results
Sedimentology
Organogenic deposits in the Bezedna site consist of two genetically different segments: limnic (coded L) and paludal (coded P). Segment L includes six units (Table 2; Figs. 3, 6). The bottom unit (coded L/1) is very finely laminated, sapropelic carbonate mud (light gray to grayish brown), with relatively small variability in OM content (from 15 to 34 %) and high variability in CaCO 3 content (from 18 % to 62 %). The average value of LOI is 78 %. Thickness of individual laminae in this unit varies from 1 to 2 mm. The lithofacies association L/1 passes upwards gradually into unit L/2, which is composed of massive, dark brown sapropel (average content of OM is 66 %, and LOI 30 %) with a small amount of dispersed micritic calcite grains (average content of CaCO 3 is \5 %). Thickness of L/2 is approximately 20-30 cm. Similar to unit L/1, it occurs only in a narrow zone, which is elongated in the NE-SW direction (Fig. 6) , i.e. along the Cenozoic mesofault ( Fig. 2b; after Harasimiuk et al. 2006a, b) . Unit L/3 is 2-3.5 m thick and contains thickly laminated (individual laminae are 5-10 mm thick), sapropelic carbonate mud with carbonate skeletal clasts of mollusk shells. The OM content ranges from 11 to 41 %, CaCO 3 from 28 to 85 %, and LOI from 69 to 88 %. Lateral extent of unit L/3 is considerably greater than that of the underlying units; its area is about 14 ha and it is almost six times larger than the areas covered by units L/1 and L/2. Unit L/4 (with a thickness of 0.5-0.8 m) occurs only within the main lake basin and several adjacent, shallow and closed sedimentation basins. It is composed of dark gray, thickly laminated sapropel with the average OM content of 46 %. Dispersed micritic calcite grains (average content of CaCO 3 is 42 %) are common. Unit L/4 passes upwards gradually into the thinly laminated, sapropelic carbonate mud of unit L/5 with a thickness of about 1 m. Content of OM ranges from 20 to 43 %, CaCO 3 from 50 to 75 %, and LOI from 48 to 76 %. Unit L/5 occurs in the main basin and also in the shallower paleodepressions forming the Bezedna lake-mire complex (Fig. 6) . The top part of this limnic segment is composed of brownish gray, massive sapropel (OM 40-60 %; LOI 41-76 %) with dispersed micritic calcite grains and macrofossils (Phragmites Adanson). Total thickness of the limnic segment (units L/1-6) changes from 0.5 m at the margins of the studied lake-mire complex to 7 m in the northwestern part of the modern lake. Lateral extent of this segment indicates that in the past the lake was two times larger than it is at present.
The paludal segment (P) overlies the limnic segment L in the central part of the site and it also occurs in the margins of the complex. It thickness ranges from about 1.5 m in the central part of the complex to \0.5 m at its margins (Fig. 6 ). This paludal segment includes four units (P/7-P/10). Two of them (P/9 and P/10; Table 3, Figs. 3, 6) occur independently of the limnic segment L at the margins and two other (P/7 and P/8; Table 3 ; Figs. 3, 6) overlie segment L. The units P/7 and P/8 (Table 2) are represented by non-carbonate blackish brown, massive, moist, slightly to somewhat decomposed reed and reed-sedge peats (80-87 % OM), with numerous macrofossils (Phragmites). P/9 unit is composed of grayish black, massive humic silty clay with content of organic matter about 20 %. The P/10 unit has a quite different composition (Table 3 ), which can be described as non-carbonate blackish-brown, massive, highly decomposed herbaceous sedge peat (75 % OM) with one type of macrofossil (Carex L.).
Pollen stratigraphy
The pollen diagram in Fig. 4 records the history of vegetation surrounding the Bezedna complex since the Late Glacial of the last glaciation. Palynostratigraphic division of the pollen diagram was based on the distinctive events in vegetation cover development (Latałowa 2003) , which occurred in individual periods both in the Late Glacial and the Holocene. In the Late Glacial part of the cores (L/1 unit), the following characters were noted in three units: (1) predominance of Cyperaceae, Poaceae, Artemisia L., Chenopodiaceae, and high pollen values of Salix L. undiff. and Juniperus L.; (2) increase in the pollen values of birch and pine; and (3) continued high pollen values of Artemisia, Poaceae and Cyperaceae, Salix undiff. Juniperus and the occurrence of Ephedra distachya L. and E. fragilis Desf. These units represent the preAllerød period (1), Allerød warming (2), and Younger Dryas (3).
The end of the Late Glacial and the beginning of the Preboreal is well defined in the sediments (bottom part of the L/2 unit) and pollen diagram as well. Pollen values of Betula L. reach 70 %, and the percentages of NAP, Salix undiff., and Juniperus communis L. decreased reflecting the replacement of the communities with Artemisia and other heliophytes by birch forests with pine as the second important component. habitats. Sedges and willows, till then quite abundant in the Lake Bezedna surroundings, were probably replaced by expanding alder. It was represented probably by Alnus glutinosa (L.) Gaertn., whose maximum expansion was recorded in the Atlantic period. The pollen spectra representing the second part of this period contain also Picea abies (L.) Karsten, Fagus sylvatica L. and Carpinus betulus L., which started to appear more regularly. These episodes indicate that hornbeam and beech moved from their glacial refugia, and the extent of spruce was shifted. The beginning of the Subboreal period (upper part of the L/3 unit) is marked in the pollen diagram by a decrease of elm proportion followed by a slight decrease of ash percentages and the continuous appearance of hornbeam and beech. The values of two latter taxa quickly increased. Simultaneously an increase in Quercus and Corylus proportions is visible, too.
The thickest part of lacustrine deposits (L/4-L/6 units) and peat deposits (P/7-P/8) represents the Subatlantic period when distinct expansion of Carpinus betulus and Fagus sylvatica occurred. It is reflected by a considerable proportion of their pollen. Several phases of human activity were recorded in the natural environment at that time by increasing percentages of herb pollen with indicators of pasturage and farming. Since then human impact has been determining the composition of vegetation cover. Almost continuous occurrence of Cerealia undiff. pollen, with several distinct increases, is noticeable in (Fig. 4 , shadow area) exhibits features of disturbances in pollen spectra and cannot be interpreted in terms of human impact changes (P/7 unit).
Ostracodes
The identification of species for the ostracode fossil shells revealed sixteen ostracode species. Their frequency in the individual layers of deposits was variable, which was related to the changes in paleoenvironmental conditions. Based on the changing number of fossil shells in the individual layers, ten phases of fauna development were distinguished (Fig. 5 ). Fossils were absent in seven layers of different thicknesses. The first three phases (depth of 10.00-8.65 m-unit L/1, L/2 and bottom part of L/3) were characterized by low total number of shells (maximum of 22 fossil shells in 5 cm 3 of deposit), and the most abundant were Candona candida (O.F. Müller 1776) and Fabaeformiscandona protzi (Hartwig 1898). Fabaeformiscandona protzi is known from cold reservoirs in both littoral and profundal zones and considered to be a cold-stenothermal and oligotrophic species (Meisch 2000) and a winter form (Hiller 1972) .
Ostracode phase I (unit L/1) coincided with the preAllerød period according to the pollen stratigraphy. Besides a low total number of shells, it was characterized by a high variability of shells of individual species. Three layers without fossils were found within the depth range of 9.40-8.65 cm (unit L/2 and bottom part of L/3). The layers without fauna were separated by ostracode phases II and III, which are represented by the deposits containing only two species (Candona candida and Fabaeformiscandona protzi) in very small numbers. Ostracode phases II and III coincided with the Allerød and Younger Dryas, respectively.
Ostracode phase IV (unit L/3) covered the Preboreal, Boreal, and beginning of the Atlantic and was characterized by a considerably higher amount of ostracode species and specimens (up to seven species and 105 shells in 5 cm 3 of deposit). Candona candida and Fabaeformiscandona protzi were predominant again, while Darwinula stevensoni Brady and Robertson 1870 and Metacypris cordata Brady and Robertson 1870 appeared. Darwinula stevensoni lives all year round at the bottom of freshwater bodies with the water depth of at least 2 m with a preference for depths \6 m (Wilkinson et al. 2005) . Metacypris cordata prefers eutrophic environments and its presence is indicative of the aging of a lacustrine waterbody, linked to the formation of peaty humic waters (Griffiths and Evans 1995) . Toward the end of ostracode phase IV, the number of species and specimens gradually decreased. The fauna communities were only composed of Candona candida, Darwinula stewensoni and Fabaeformiscandona protzi.
Ostracode phase V (unit L/3) was a period of ostracode revival in terms of species diversity and number of specimens. From among eleven species, the most abundant were Candona candida, Fabaeformiscandona protzi, and Darwinula stevensoni. The conditions for water fauna development stabilized in the second part of ostracode phase V, which coincided with the middle of the Atlantic time. The number of species and specimens were reduced in the successive layers. Fabaeformiscandona protzi, Pseudocandona compressa (Koch 1838), Candona candida, and Cypria ophtalmica (Jurine 1820) dominated in these communities. Dolerocypris fasciata (O.F. Müller 1776) and Notodromas monacha (O.F. Müller 1776) also occurred. Dolerocypris fasciata and Notodromas monacha are characteristic for permanent, quiet waters with a muddy bottom and rich vegetation, generally present in the littoral zone of lakes. This assemblage is indicative of a warm lake with dense vegetation.
The beginning of ostracode phase VI (unit L/3) coincided with the beginning of the Subboreal and was characterized by stable conditions with a relatively high number of specimens and high species diversity. Towards the end of this ostracode phase, the number of species and specimens gradually decreased. The appearance of Candona weltneri Hartwig, 1899 is a distinctive feature of the ostracode phase VI. In the second part of the ostracode phase VI, correlated with the beginning of the Subatlantic, the number of species and specimens considerably decreased. The ostracode communities consisted of Candona candida, Pseudocandona compressa, and Cyclocypris laevis (O. F. Müller 1776). Temperature increase and water level lowering are indicated from this ostracode assemblage: profundal species were replaced by littoral ostracode taxa (Limnocythere inopinata, Pseudocandona compressa). The species and specimen impoverishment was continuous and resulted in the complete disappearance of the fauna within the depth range of 5.05-5.00 m in sapropelic carbonate mud of unit L/3.
In ostracode phase VII, faunal composition was in general the same as in the previous phase but the number of specimens considerably increased (dark gray, thickly laminated sapropel of Unit L/4). Candona candida, Fabaeformiscandona protzi, and Candona weltneri were especially abundant. The second part of ostracode phase VII was characterized by a generally low but very fluctuating number of specimens. The communities were formed by only three species: Candona candida, Fabaeformiscandona protzi, and Candona weltneri. The species within the communities at the beginning of ostracode phase VIII were similar to the previous ostracode phase.. The number of specimens was still rather low, and the most abundant were Candona candida and Candona weltneri. In the second part of the phase VIII, Pseudocandona compressa re-appeared and Herpetocypris reptans (Baird 1835) was found but the number of specimens was low. Herpetocypris reptans prefers shallow water conditions (Meisch 2000) and lives in water bodies with a muddy bottom and rich vegetation, preferably with high water energy (Griffiths 1995) . Ostracodes are absent at depth interval 3.65-3.55 m (transition from unit L/5 to L/6).
Ostracode phase IX was also characterized by low number of specimens and frequent changes of species composition. The following species appeared for a short time: Cyclocypris laevis, Metacypris cordata, Pseudocandona compressa and Herpetocypris reptans. The deposits from a depth of 3.40-3.35 m are characterized by lack of fossil shells (bottom part of unit L/6. A relatively high number of species (6) and specimens (about 60) was found above in the deposits (unit L6) representing the beginning of the phase X. The communities were composed, among others, by the following species, which occurred also in the previous phases: Candona candida, Metacypris cordata, Candona weltneri and Pseudocandona compressa. The second part of the phase X was the last time when Ostracoda occurred in the lake. They are represented by single shells of only two speciesCandona candida and Pseudocandona compressa (lower part of unit L/6).
Chronology
The results of radiocarbon dating of the Bezedna lakemire profile are presented in Table 4 . The dating result obtained for sediments representing the bottom part of L/1 unit (8.75 m) is 9,860 ± 25 year BP (11,252 ± 11 cal year BP). This age seems to be distinctly underestimated in comparison with the palynostratigraphic data, as well as with the result obtained for the middle part of the L/1 unit (8.50 m)-10,570 ± 30 year BP (12,555 ± 118 cal year BP). Both values are probably encumbered with a considerable error. According to the palynologic data, both dated layers should be related to the pre-Allerød period. This incompatibility between the dating results (Table 4 ) and pollen analysis results (Fig. 4) may ensue from the existence of the ''radiocarbon plateau'' where radiocarbon dates are disturbed by variable and low 14 C production in the atmosphere during the time of rapid deglaciation in the Northern Hemisphere (Lowell and Teller 1994) . On the other hand, it may be caused by secondary precipitation of calcium carbonate, after permafrost degradation and complete reactivation of groundwater circulation (Fairchild et al. 1994; Bukowska-Jania 2003) .
Discussion
Data from the analyzed core in the center of Lake Bezedna allow us to reconstruct the paleoenvironment of the lake-mire complex. Despite the inconsistent dating results of the chronology of the sediemnts, we try to estimate the regional changes of climate and water conditions through time based mostly on the ostracode fauna and the palynology. The results are presented against the background of regional environmental changes (Fig. 7) and are also compared to the nearest paleoecologically investigated sites at Słone (Kulesza et al. 2011 (Kulesza et al. , 2012  They are also compared to the Holocene climate variability observed in the northern hemisphere and by climatic-driven lake level changes in mid-Europe (Magny 2004 ; Fig. 7) . The vegetation changes reconstructed from the Lake Słone pollen diagram correspond well to those recorded in the deposits from the Bezedna site. The pollen percentages of the main tree taxa, their maxima and minima, shape of pollen curves, occurrence of indicators of human activity in the area are very similar in both the pollen diagramsBezedna and Lake Słone. This fact additionally supports the palynostratigraphic conclusions and division of the Bezedna pollen diagram. It is especially important because of the mentioned difficulties with radiocarbon dating of the carbonate deposits of the Bezedna lake-mire complex.
Late Glacial/Holocene transition Climate changes (recorded in most sites of the Lublin and Volhynia chalklands) occurring at the close of the Weichselian, and especially those during the Late Glacial/Holocene (LG/H) transition, were very dynamic. Pollen spectra of these oldest deposit layers from Lake Bezedna represent the period of herbaceous vegetation predominance (Older Dryas?), followed by the development of birch-pine boreal forests. In the Younger Dryas they were considerably thinned out and limited by the widespread communities of shrub willows, juniper, and herbs with abundant heliophytes.
At that LG/H transition the mean annual air temperature in Central Europe increased by about 12-15°C during 4,000 years (Klimanov 1997; Ralska-Jasiewiczowa et al. 1998; Velichko et al. 2002; Błaszkiewicz 2011) . During the warmer phases (Bølling and Allerød) the first evidences of carbonate precipitation occurred and typical was the appearance of forest. In the Allerød, the parkland-tundra in the north of Poland passed southwards into Pinus-Betula forest in the warmer uplands (Tyráček 1995) . The climate changed especially fast in the eastern, more continental part of Central Europe, in it also in the Volhynia chalkland. The beginning of the Allerød in this region was generally characterised by a longlasting warming with rather low groundwater table. A considerable increase in moisture and acceleration of carbonate sedimentation occurred in the later part of 9.85-9.90 GdA-1940 9,860 ± 25 9,315 (68.2 %) 9,280 cal BC 9,360 (95.4 %) 9,265 cal BC 9,302 ± 11 11,252 ± 11
Fig. 7
Correlation of chronologic units with multiproxy record from the Lake Bezedna site and other sites with multiproxy records. (1) after Dobrowolski (2006) , (2) after Bałaga (2004), (3) after Kulesza et al. (2011 Kulesza et al. ( , 2012 , and (4) after Magny (2004) J Paleolimnol (2015) 53:191-213 205 this period. Small, episodic lakes (Czerepacha site- Fig. 1 ) were formed in places (Dobrowolski et al. 2001) . In the western part of the Lublin chalkland (Lake Słone, Fig. 1 ) an increase in the water level was observed, too (Kulesza et al. 2011) . Direct data on the water level changes in Lake Bezedna during the Allerød are absent due to the lack of ostracods. However, the appearance of Nymphaea L. in lake vegetation and the disappearance of Menyanthes trifoliata L. can be indirect indicator of the degradation of transitional mire in the lake surroundings and the rise of water level in the lake. Palynological pattern of Lake Bezedna in Allerød is consistent with that found by Bałaga (2004) in the Allerød sediments of Lake Perespilno although the three pollen zones distinguished in Perespilno are not detectable in Bezedna due to the compactness of the deposits. Allerød is represented in the sediment profile by the L/1 unit. Vegetation of the Bezedna surroundings was represented by birch and pine dominated boreal forests. The appearance of Limnocythere inopinata and Cyclocypris ovum (Jurine 1820) in faunal communities indicates mostly the rise in temperature (Meisch 2000) . The subsequent disappearance of ostracods (already in the first part of Allerød) may be related to the maximum warming of this period. This disappearance could have been caused by a change of the lake water trophy. The increase in water temperature in this shallow lake could have resulted in the increasing trophy, which influenced oxygen conditions in the bottom layer of water/hypolimnion. Oxygen depletion in water, resulting in the disappearance of ostracods, is observed in many eutrophic lakes (Scharf 1993) . The increase of organic material amount (up to 20 %) is visible in the results of geochemical analyses.
The occurrence of open plant communities in the Bezedna site, which were associated with very dry continental climate of the Younger Dryas, indicates that pine-birch forests became loose and their area decreased. These changes agree with suggested decrease in annual temperature conditioned mostly by a strong drop of winter temperature (Vaikmäe et al. 1995; Böse 1995) and correspond to the records in other pollen diagrams from this region (Lakes: Perespilno, Słone, Czerepacha), in which the pollen values of herbs increase, especially of different species of Artemisia and Chenopodiaceae. The first part of this period was certainly drier and cooler (the withdrawal of Ulmus, Picea and Nymphaea). This cooling resulted in the intensive changes of ostracod habitat conditions. The beginning of this period, similarly as the pre-Allerød, was characterized by the occurrence of not numerous Candona candida and Fabaeformiscandona protzi. In the second part of Younger Dryas the periods of ostracod disappearance were separated by the development of Fabaeformiscandona protzi and Cypridopsis vidua (O.F. Müller 1776), as well as Cypria opthalmica and Darwinula stevensoni, which indicate the increase in temperature and depth of water (Meisch 2000) . These were the first distinct signals of the climate regime transformation during the Late Glacial/Holocene transition.
The boundary between the Late Weischelian and the Holocene is recorded in pollen diagrams by the increase in tree birch values and the decrease in NAP percentages. This boundary is commonly distinguished by means of pollen analysis (Latałowa 2003) . In the Bezedna site heliophilous herbs were replaced by birch boreal forests of the Preboreal. Then pine spread, and trees with higher temperature requirements gradually appeared. Humulus lupulus occurred in the spreading elm riverine communities.
Lake origin
In cold phases of Late Glacial, the environmental conditions did not favor the development of lake basins because the occurrence of permafrost hindered groundwater supply through the carbonate bedrock. Water could have occurred only within taliks, which corresponded to the layer between seasonal and perennial permafrost, as well as to the zones of inherited water circulation within zones of secondary permeability and tectonic faulting (Kudriavcev 1978; Gurney 1998; Wu et al. 2004 Wu et al. , 2005 . Lauriol and Gray (1990) propose a model of water circulation in a karstified carbonate massif in the modern permafrost zone. They assume a possibility of gravitational vertical flow of meltwater along active tectonic faults-from the ground surface to the underlying permafrost aquifers (the permafrost bottom is the top of the phreatic surface). The following migration routes of groundwater occurred in the European chalklands (Rodet 1991; Dobrowolski 2006): (1) faults and fault zones (mainly of regional rank), (2) extension joints, and (3) interstratal fractures. These conduits were enlarged as a result of mechanical weathering and chemical dissolution. During permafrost aggradation, the existence of earlier formed voids favored the development of intrusive ice in the form of sills and veins (Dobrowolski 2006) .
Favorable conditions for initiation of the development of shallow lakes took place mostly during the Late Glacial. In Central Europe permafrost probably disappeared temporarily in the Bølling and Allerød time, and developed again during the cold climate oscillations of the Older and Younger Dryas (Rennsen et al. 2000) . Permafrost degradation in the Allerød, even under extremely continental climate conditions, was palynologically documented in the central Russia area (Khotinsky and Klimanov 1997) . The rate of permafrost degradation was probably rather high. In modern times the thawing rates at the top of permafrost active layer in northern Quebec in Canada are estimated at about 1-13 cm year -1 , and at its bottom at 2.4-5.8 cm year -1 (Buteau et al. 2004) . During both warm interphases of the Late Glacial, and especially in the Allerød, the rate of permafrost degradation in European chalklands could have been at least equally fast due to the influence of carbonate substratum (Harasimiuk et al. 1998 ) and could have resulted in a small but progressive ground subsidence (Dobrowolski 2006) . It was associated with the development of small lakes, which were stabilized in the cold phases. Dynamic changes of landscape in periglacial zone are also observed today, for example in Western Siberia, in the form of frequent changes in the number of thermokarst lakes and their area due to permafrost thawing (Karlsson et al. 2012) . This is considered to be the response to altering connections between surface water and groundwater. Burn (2002) studied small tundra lakes in the permafrost zone of the western Arctic coast of Canada and observed that relatively warm lake bottoms caused considerable disturbance to the surrounding permafrost. In this area the ground remains frozen year-round, with only a thin layer of 0.5-1.5 m at the surface thawing during the arctic summer (Dallimore et al. 2000) . In the same area the influence of vegetation cover on permafrost distribution can be observed (Camill and Clark 2000) . O'Neill and Burn (2012) discuss the controlling role of the vegetation in the development of near-surface ground ice. Shrub-covered wet areas have the highest excess-ice content in the top 50 cm of permafrost, while grassy, dryer areas are less enriched with ice.
The oldest stage of relatively shallow water bodies in the Lublin and Volhynia chalklands is related to the pre-Allerød period. Lake Czerepacha, Lake Okunin (Volhynia chalkland), Lake Słone, and Lake Perespilno (Lublin chalkland) originated in the Bølling-about 12,300 year BP (Goslar et al. 1999; Dobrowolski et al. 2001; Dobrowolski 2006; Kulesza et al. 2011) . Pollen analysis indicates that Lake Bezedna developed at the same time. In the light of our findings, Lake Bezedna had cold oligotrophic water, as the only components of ostracode community were Candona candida and Fabaeformiscandona protzi (Meisch 2000) . The developing lakes were probably shallow, as indicated by the generally significant occurrence of Pediastrum (Lake Perespilno, Goslar et al. 1999; Fig. 1 ). Shallow water, rich in calcium carbonate, played a decisive part in the Late Glacial supply of such lakes as Bezedna. Analysis of oxygen stable isotopes in the deposits formed in this period in the Krzywice spring-fed fen (situated in the immediate vicinity of the Bezedna site, Figs. 1, 2) indicates the only supply of water is shallow carbonate-rich, lightisotope meltwater from the top parts of weathered karstic bedrock. Cryogenic precipitation of CaCO 3 , associated with the formation and subsequent degradation of icings (naled ice fields from freezing groundwater flows), was an important lithogenetic process in carbonate deposition at that time (Dobrowolski 2006) .
Fast climate change during the LG/H transition (units L/2-L/3) considerably influenced the morphogenesis of the Bezedna area. A long-lasting warming resulted in the gradual degradation of permafrost, and so in the general change of groundwater circulation, which led to the re-instatement of vertical groundwater movement (ascending supply was activated). These phenomena occurred in the phases associated with climate oscillations. They were also dependent on lithology, i.e. differences in heat capacity between massive carbonate rocks and Pleistocene unconsolidated mineral deposits (Harasimiuk et al. 1998 ) and tectonics (faulting of the Upper Cretaceous bedrock). Tectonically weakened zones in weathered karst, were reactivated by glacio-isostatic movements and permafrost degradation, which resulted in the re-instatement of groundwater vertical circulation. Ascending water flowed onto the ground surface in spring zones that simultaneously subsided (in extreme cases collapsed) as a result of carbonate dissolution. Ascending spring waters could have disappeared soon after the complete degradation of permafrost or it could have lasted for a J Paleolimnol (2015) 53:191-213 207 long time after permafrost degradation. In the latter case the residual clays of a weathered karstic landscape, glacio-tectonic breccias and/or impermeable glaciogenic deposits (tills and glacifluvial silts, Fig. 2 ) could have been the confining layer allowing spring development (Dobrowolski 2006) . The complete and final degradation of permafrost in the Lublin chalkland probably occurred only in the Preboreal (Harasimiuk et al. 1998; Dobrowolski 2006) . The beginning of the Holocene was proposed as the latest time of permafrost occurrence in the central part of the North European Plain (Böse 1995) , but the rate of its decline was high, completely melting away during only 1,000-1,500 years (Gerasimov and Velichko 1982; Błaszkiewicz 2011) . Such rate of permafrost disappearance resulted in catastrophic changes (Velichko 1973) and was a widespread phenomenon in the northern hemisphere. The research on ice-rich permafrost sequences in northern Siberia indicates that extensive thermo-erosion and thermodenudation processes with the formation of large thermokarst lakes, taliks, and thermo-erosional valley systems occurred between 12 and 7 ky BP (Schirrmeister et al. 2002) . In the Bezedna study area, the complete transformation of relief consisted of largescale ground subsidence and development of closed depressions, which were circular or oval in shape, of different sizes (from \1 to [100 ha and depth from 2 m to over 50 m). Most of these forms filled up with water and were functioning as lakes in the Holocene stage of their development (Bałaga 1982 (Bałaga , 1991 Zernitskaya 1997; Dobrowolski et al. 2001; Dobrowolski 2006) . According to the commonly accepted opinion, the Late Glacial melting of permafrost was the most effective morphogenetical process occurring in the ice-sheet foreland during the whole Weichselian (Gerasimov and Velichko 1982; Ritter et al. 1995) . In the central Yakutia (NE Russia) contemporaneously the depth of thaw below small water bodies can reach 8-10 m within 50 years and 20 m within 300 years in spite of the very low annual temperature about -10°C (Brouchkov et al. 2005) .
The results of investigations carried out in the Bezedna site seem to support the interpretation (Dobrowolski 2006 ) that the degradation of intrusive ice filling interstratal fractures in the karstic bedrock in the warm interphases of the Late Weichselian and/or Preboreal caused the discharge of considerable hydraulic pressures and resulted in: (1) efficient ascending supply of groundwater, (2) intensive weathering and dissolution of bedrock, and (3) progressive ground subsidence/collapse. Similar cases are reported from the areas affected by modern permafrost (Tolstichin and Chimichev 1981; Gurney 1998) .
As the activation of deep circulation of groundwater near the Bezedna site was preceded by the phase (or phases) of weathering and dissolution of karst in phreatic conditions, the outflow of carbonate-rich groundwater produced carbonate deposition on the bottoms of the newly-formed lakes (Dobrowolski 2006) . Carbonate-rich groundwater can produce carbonate sediments in lakes (Gierlowski-Kordesch 2010; Renaut and Jones 2010) .
Holocene
In the Preboreal period, forests dominated by birch and pine were gradually replaced by pine-birch forests with expanding hazel. Environmental conditions were reflected by changes in the lithology of the lake sediments (L/2 unit). Oak followed by alder appeared in forests in the younger part of the Preboreal. With the forest in the lake surroundings, the next period of ostracode disappearance was recorded in the lake (transition from L/2 to L/3 unit). It can be related to the change of oxygen conditions, similar to that of the Allerød period, which resulted from the intensive decomposition of organic matter. At that time its content in the deposits was over 80 %. In the next stages of the Preboreal period, the continuous tendency of temperature increase is mostly evidenced by the appearance of Metacypris cordata (Absolon 1973) . Besides Metacypris cordata, Cyclocypris laevis, Limnocythere inopinata, and Darwinula stevensoni occurred. A considerable and stable change of climate conditions was also indicated by the increased number of ostracode species and specimens. The water depth considerably increased only in the last part of the period as indicated by the appearance of Darwinula stevensoni and Limnocythere inopinata, and the higher number of Fabaeformiscandona protzi specimens (Meisch 2000 ). The generally low water level phase in the Preboreal is well documented in numerous lake profiles across Europe (Gaillard 1984; Digerfeldt 1988; Magny and Ruffaldi 1995) . It seems that a considerable increase of the Lake Bezedna depth in the second part of the Preboreal resulted from ground subsidence due to the long-lasting warming, which caused a complete decline of permafrost (bottom part of the L/3 unit).
In the Boreal period (unit L/3), the increase in temperature caused forest transformation. Dynamic expansion of hazel, followed by oak, elm, and lime, was one of the characteristic features of these changes. The proportion of pine decreased gradually indicating that it was displaced on the poorest habitats. The tendency of temperature rise in the Boreal period was recorded in the nature of ostracode communities. However, the temperature conditions were more stable as indicated by the increased species diversity and number of specimens. In the Volhynia chalkland, the cooling and moisture decrease in the Boreal (9,300-8,400 year BP) were recorded by the lowering of the groundwater table and the increase in redox indices; the lacustrine sedimentation rate distinctly fell (about 0.11 cm year -1 ) (Dobrowolski et al. 2001 ). The palynologically determined beginning of the Atlantic period (middle part of the L/3 unit) corresponds to the results of radiocarbon dating 9,073 ± 38 cal year BP (7,123 ± 38 cal year BC), which is consistent with the chronologic scheme developed by Mangerud et al. (1974) (Walanus and Nalepka 2010) . The Atlantic period was the time when climax deciduous forests with oak, elm, lime and ash developed. Results of pollen analysis indicate that multi-species deciduous forests remained stable for a long time. It was also characterized by the greatest species diversity of ostracodes and the highest number of their specimens (middle part of the L/3 unit). A slow increase in mean air temperature and precipitation occurring in the Atlantic period (8,400-5,000 year BP) was connected with the rise of the groundwater table in the Volhynia chalkland (Okunin Lake). This long-lasting rise in air temperature and moisture was interrupted only in the middle Atlantic period by one short episode of cooling and lowering of the groundwater table that was radiocarbon dated at 6,300-6,600 year BP (Kalis et al. 2003 ). This episode is also recorded in the deposits from the Bezedna site by the disappearance of Darwinula stevensoni and Fabaeformiscandona protzi in the ostracode communities of the middle part of the Atlantic period. A similar episode was also found in other sites of the Lublin-Volhynia chalklands (Dobrowolski et al. 2001; Kulesza et al. 2012) .
The boundary between the Atlantic period and Subboreal period (upper part of the L/3 unit) is marked by the decrease in elm pollen. This phenomenon occurred almost synchronously in the whole of Europe and was radiocarbon dated at 5,100-5,000 year BP (Latałowa 2003) . At that time dry-ground forest communities with hornbeam began to develop, and beech probably occurred in patches. The increase of oak and hazel proportions was probably a result of better light conditions due to degeneration of elm riverine forests and formation of dry-ground forests, which were similar to the modern communities of Tilio-Carpinetum with hornbeam, oak and hazel. In pollen spectra of that time, the first pollen grains of Plantago lanceolata L. appear and the values of sorrel increase indicating pasturage of livestock near the site. These indicators probably represent Bronze Age settlement. Nature of the ostracode communities points toward a general temperature decrease. This is mostly indicated by the decreased number of Metacypris cordata specimens, and the disappearance of Notodromas monacha and Cypridopsis vidua. The Subboreal period in the Volhynia chalkland area was characterized by considerable fluctuations in temperature and moisture, evidenced by a great variability of biologic proxies (pollen and ostracodes).
The changes in eastern Poland coincided with general trends of climate conditions widespread over the Northern Hemisphere, the 6,000-5,000 and 3,500-2,500 cal year BP intervals feature the North Atlantic ice rafting events (Bond et al. 1997) , alpine glacier advances (Denton and Karlén 1973) , and strengthened westerlies over the North Atlantic and Siberia (Meeker and Mayewski 2002) . In Scandinavia, the tree line limit rose in elevation and mountain glaciers advanced in the first interval (6,000-5,000 cal year BP), but the situation reversed in the second interval (3,500-2,500 calyear BP). Cooling over the northeast Mediterranean was related to winter-time continental/polar air outbreaks (Mayewski et al. 2004) .
The thickest part of the Bezedna lacustrine deposits was formed in the Subatlantic period (units L/4-L/6 and P/7-P/8), when the distinct expansion of Carpinus betulus and Fagus sylvatica occurred, and several phases of intensified human activity were recorded. Information obtained from the archaeological survey of Poland also indicates that the Chełm region (2.5 km from the Bezedna site) was settled as early as 5,500 years BC. Several very high maxima in Humulus/Cannabis pollen values evidence hemp wetting in Lake Bezedna during several settlement episodes. This considerable thickness of deposits was probably caused by a high rate of accumulation, resulting from the eutrophication of the lake, mostly due to anthropogenic activities and occupation of the lake surface by abundant Nymphaeaeceae. The lake gradually became shallow and the rush belt covered larger and larger areas as indicated by the high pollen values of Typha latifolia L. at the end of the Subatlantic period and a transitional mire with Menyanthes trifoliata developed in the lake surroundings. According to the ostracode species composition, the Subatlantic period began with considerable oscillations of generally decreasing lake depth. The second part of this period was characterized by quite stable temperature and water depth but with the decreasing tendency in both these variables towards the end of the period. The Subatlantic in the Volhynia chalkland (\2.8 ka BP) was characterized by rather stable temperature conditions and small fluctuations of moisture. Mean air temperature was gradually increasing after a slight cooling at the turn of the Subboreal and Subatlantic periods. The groundwater table also rose. Summary of chronostratigraphic zonation of Bezedna lake-mire deposits is presented in Table 5 .
Conclusions
Results of multi-proxy studies of the lake-mire deposits from the Bezedna site evidenced local environment changes (moisture-temperature and biotic) in the last about 12 ka years. Correlation of paleobotanical and ostracode paleofaunal data with the results of paleoenvironmental investigations carried out in the adjacent regions (Volhynia chalkland) allowed us to find unique elements in the sequence of climate changes of the Late Glacial/Holocene transition in eastern Poland based on the influence of continental climate and the sedimentary and paleohydrologic processes unique to carbonate bedrock (Lublin chalklands) of Upper Cretaceous age. The climate system during the Late Glacial/Holocene transition and the associated response of carbonate substratum that was deeply frozen in the preceding Weichselian was of key importance to the development of paleohydrologic changes affecting sedimentation and faunal and floral change. Degradation of intrusive ice, being the primary infilling of interstratal fractures within the karstic bedrock, resulted in the discharge of considerable hydraulic pressures by the re-activation of groundwater circulation. In addition, the re-instatement of an ascending supply of groundwater induced intensive weathering and dissolution of carbonate bedrock and progressive ground subsidence and sinkhole formation. These events are recorded in the lacustrine (limnetic, L) sequence, which consists of sapropelic carbonate mud (deposited biochemically from water rich in calcium carbonate) interbedded with massive dark brown sapropel (deposited during the episodes of progressive deepening of the lake). The indirect biotic record of these events was the periodic disappearance of ostracodes during the Late Glacial stage of lake evolution. It was caused by the sudden change of habitat conditions, and corresponded with the deposition of massive dark brown sapropel. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
